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Concentrating  solar  power  plants  represent  a  competitive  option  to  produce  electric  power  only  if 
equipped  with  suitable  thermal  energy  storage.  Metal  hydride  material-based  thermochemical 
hydrogen  storage  is  a  very  attractive  solution  to  store  high  temperature  solar  thermal  energy. 
A  literature  review  of  some  of  the  past  and  more  recent  investigations  on  using  metal  hydrides  for 
thermal  energy  storage  has  been  carried  out.  Based  on  findings  from  this  review  and  new  material 
property  data,  a  preliminary  material  techno-economic  analysis  was  performed  to  select  the  most 
promising  candidate  metal  hydrides  as  well  as  to  examine  their  behavior  under  different  operating 
conditions.  The  performance  was  evaluated  adopting  simplified  system  models  and  the  results 
were  compared  against  the  US  Department  of  Energy  targets  including  installed  cost,  exergetic 
efficiency,  operating  temperature  and  volumetric  energy  density.  Selected  sensitivity  analyses  for 
the  most  promising  materials  have  also  been  carried  out  in  order  to  evaluate  the  influence  of  solar 
plant  and  material  properties  on  the  overall  system  installed  cost.  Results  demonstrated  that  the 
selected  storage  systems,  based  on  currently  available  metal  hydride  high  temperature  materials 
(i.e.  NaMgH3,  TiH2  and  CaH2),  are  able  to  achieve  and  exceed  many  of  the  targets  such  as  volumetric 
energy  density  (25  kWhth/m* 1 2 3 4 5 6)  and  operating  temperature  (600  °C).  Material  modifications  as 
well  as  heat  exchange  system  improvements  are  also  discussed  in  the  paper,  with  the  aim  of 
reducing  the  overall  thermal  energy  storage  specific  cost  and  helping  to  meet  and  exceed  all  of  the 
targets. 
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1.  Introduction 

Power  plants  driven  by  renewable  sources  represent  one  of  the 
main  options  to  produce  electric  power  without  local  greenhouse 
gas  emissions.  Among  the  different  possibilities  for  large  scale 
plants,  CSP  systems  are  positioned  to  become  a  major  source  of 
renewable-generated  electricity  in  the  United  States  [1  .  This  is 
especially  due  to  the  fact  that  they  have  a  higher  potential  for 
providing  dispatchable  power  among  all  the  different  renewable 
options  [2-5].  However  only  CSP  plants  equipped  with  TES 
systems  have  the  potential  to  reach  the  DOE  SunShot  Initiative 
solar  electricity  production  target  of  0.06  $/kWh  [6]  similar  to 
conventional  power  plants  [3,7].  The  three  types  of  TES  systems, 
being  developed  today,  store  energy  either  as:  (1)  sensible  heat, 
(2)  latent  heat  from  material  phase  change  or  (3)  thermochemical 
heat,  using  the  heat  released  (or  absorbed)  during  chemical 
reactions  occurring  inside  the  material  [2,3]. 

Among  the  third  type  of  TES  systems,  MH  based  systems  are  a 
very  attractive  choice,  showing  strong  potential  to  achieve  the  DOE 
SunShot  Initiative  TES  targets  [6  ,  which  include  exergetic  efficiency, 
operating  temperature,  cost  and  volumetric  energy  density.  More 
information  on  the  specific  DOE  SunShot  TES  targets  and  their 
current  values  can  be  found  in  Section  3  of  this  paper.  Compared 
to  other  TES  systems  MH  technology  has  several  attractive  features, 
including  full  reversibility,  high  gravimetric  and  volumetric  energy 
density.  Although  some  MH/TES  systems  can  be  costly  recent 
material  discoveries  allow  for  the  potential  for  much  lower  system 
cost  [8].  An  example  of  a  medium  temperature  TES  systems,  based  on 
MgH2  material,  has  a  reported  gravimetric  energy  density  approxi¬ 
mately  18  times  higher  than  that  of  molten  salts  [8  . 

To  effectively  design  and  build  a  TES  system  based  on  MH 
materials,  different  processes  need  to  be  examined,  involving 
momentum,  mass  and  energy  transport  phenomena,  coupled  with 
kinetics  and  thermodynamics  of  the  materials  involved.  In  addition, 
experimental  activities  are  needed  in  order  to  collect  the  material 
property  data  (such  as  kinetics,  thermodynamics,  hysteresis,  and 
stability  with  cycling  etc.)  and  to  develop  new  materials  or  modify 
existing  materials  for  the  specific  conditions.  Experiments  need  to 
be  carried  out  to  verify  the  performance  of  the  material  under 
different  operating  conditions  and  for  extended  operating  periods 
(e.g.  cycling  capacity). 


The  objective  of  this  paper  is  to  review  the  previous  work  on 
MH-based  TES  systems  and  to  analyze  that  work  in  light  of  new 
recently  discovered  MH  materials  and  today's  CSP  TES  systems 
cost  and  performance  targets.  The  analysis  performed  in  this  study 
uses  a  screening  analysis  to  examine  different  possible  TES 
systems  based  on  MH  materials.  The  aim  of  the  analysis  is  to: 
(1)  select  candidate  MH's,  which  have  the  potential  to  meet  the 
targets;  and  (2)  evaluate  the  performance  of  the  selected  materials 
under  different  operating  conditions.  The  screening  model  can  also 
be  applied  to  identify  the  properties  of  an  ‘ideal  material’  system, 
capable  of  achieving  all  of  the  targets.  In  addition,  the  results  are 
useful  to  guide  experimental  effort  toward  needed  material 
modifications.  The  use  of  screening  tools  does  not  take  the  place 
of  more  detailed  numerical  simulations  and  experimental  studies 
needed  to  fully  evaluate  and  describe  the  TES  system.  However, 
starting  with  less  costly  and  time  consuming  effort  can  be  helpful 
and  needed  as  part  of  the  scientific  methodology  to  pave  the  way 
to  more  detailed  numerical  and  experimental  studies.  Therefore, 
before  carrying  out  detailed  numerical  and  experimental  cam¬ 
paigns,  it  is  necessary  and  more  practical  that  a  screening  analysis 
of  the  possible  MH  materials  can  focus  both  the  experimental  and 
numerical  efforts  by  selecting  a  reasonable  number  of  high 
potential  candidate  materials. 

2.  Metal  hydride-based  TES  systems 

This  section  describes  the  use  of  MH's  to  store  solar  thermal 
energy  in  a  CSP  plant.  The  section  also  illustrates  the  cycle  of  the 
heat  storing  and  recovery  when  solar  radiation  is  available  and 
when  it  is  not. 

Solar  power  plants  that  have  the  potential  of  meeting  the  DOE 
targets  have  been  identified  by  the  DOE  as  baseline  renewable 
source  based  power  systems  [9,6].  One  of  the  most  common  plants 
is  based  on  the  steam  Rankine  cycle.  The  solar  plant,  shown  in 
Fig.  1,  is  comprised  of  the  solar  capturing  and  concentrating 
section,  the  TES  section  (based  on  the  MH  system  concept),  and 
the  power  plant  (based  on  a  steam  Rankine  cycle).  The  same  MH 
based  thermal  energy  storage  system  can  be  adapted  for  use  with 
other  power  plants  (e.g.  Brayton  cycle),  with  only  a  few  minor 
variations. 


Sun  available 
Sun  not  available 
Steam  power  plant  (24/7) 


Turbine 


© 


Steam 
generator 


Condenser 


O 


Pump 


Fig.  1.  Schematic  of  a  Rankine  cycle  based-CSP  plant  with  a  TES  system  comprised  of  both  HT  Metal  Hydride  and  LT  Metal  Hydride  materials. 
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Nomenclature 

A  Heat  transfer  area  (m2) 

Cahe  Installation  costs  ($) 

CAM  Additional  material  costs  to  modify  and  allocate  the 
metal  hydride  material  ($) 

Che  Heat  transfer  system  installed  cost  ($) 

Chef  Free  On  Board  (FOB)  cost  of  the  heat  transfer 

system  ($) 

Chepvs  Heat  transfer  and  pressure  vessel  system  specific 
installed  cost  ($/kWhth) 

CM  Metal  hydride  material  installed  cost  ($) 

CMS  Metal  hydride  material  specific  installed  cost 

($/kWhth) 

Cpic— 2c  Average  specific  heat  of  the  heat  transfer  fluid 

between  station  lc  and  2c  (Fig.  3)  (kJ/kg-K) 

0ud-2d  Average  specific  heat  of  the  heat  transfer  fluid 

between  station  Id  and  2d  (Fig.  3)  (kJ/kg-K) 

Cpv  Pressure  vessel  (wall)  cost  ($) 

CRM  Cost  of  the  raw  metal  hydride  material  ($) 

Cs  TES  system  specific  cost  ($/kWhth) 

Di  Heat  transfer  fluid  tube  diameter  (Fig.  2)  (m) 

D2  Single  metal  hydride  cylindrical  structure  diameter 

(Fig.  2)  (m) 

Ech  Chemical  exergy  content  (kWhth) 

Eth  Thermal  energy  stored  (kWhth) 

Eth  Thermal  exergy  content  (kWhth) 

h  Specific  enthalpy  (kj/kg) 

L  Length  of  the  heat  exchanger  (m) 

m  Heat  transfer  fluid  mass  flow  rate  (kg/s) 

M  Metal  hydride  mass  (kg) 

MH2  Mass  of  hydrogen  to  be  stored  in  the  metal 

hydrides  (kg) 

nT  Number  of  tubes  of  the  heat  exchanger 

s  Entropy  (kJ/kg-K) 

T  Temperature  (K  or  °C) 

T0  Reference  temperature  for  exergy  calculations  (298  I<) 

U  Heat  transfer  coefficient  (W/m2-I<) 

V  Metal  hydride  material  volume  (m3) 


We[  Average  electric  power  produced  by  power  plant 
during  the  year  (MW) 

w/  High  temperature  metal  hydride  weight  capacity 
(kgH2/kgMH) 

Wth  Thermal  power  exchanged  between  the  Metal  Hydride 
and  the  heat  transfer  fluid  (MW) 

Greek  letters 

A ts  Storage  time  (h) 

AT  Mean  temperature  difference  between  the  heat  trans¬ 
fer  fluid  and  the  metal  hydride  (°C) 

AH  Metal  hydride  enthalpy,  heat  of  reaction  (kj/mol^) 
AS  Metal  hydride  entropy  of  reaction  (kJ/molH2-I<) 

AG  Gibbs  energy  (kj/mol^) 

t]pp  Power  plant  efficiency 

p  Metal  hydride  material  bulk  density  (kg/m3) 

\| j  Exergetic  efficiency 

Subscripts 

lc  Property  referred  to  station  1  during  charging  (lc  in 

Fig.  3) 

Id  Property  referred  to  station  1  during  discharging  (Id 

in  Fig.  3) 

2c  Property  referred  to  station  2  during  charging  (2c  in 

Fig.  3) 

2d  Property  referred  to  station  2  during  discharging  (2d 

in  Fig.  3) 

c  Referred  to  the  charging  process 

cond  Heat  transfer  coefficient  referred  to  conductive  heat 
transfer  process 

corn/  Heat  transfer  coefficient  referred  to  convective  heat 
transfer  process 

d  Referred  to  the  discharging  process 

HTMH  High  temperature  metal  hydride 

ETMH  Low  temperature  metal  hydride 


The  power  plant  is  expected  to  work  24/7,  with  the  power  level 
determined  by  its  PCF,  mainly  depending  on  the  storage  time  and 
the  plant  location.  The  TES  system  stores  and  releases  the  needed 
thermal  energy  to  maintain  continuous  operation  of  the  power 
section.  The  thermal  energy  storage  system  shown  in  Fig.  1  is 
comprised  of  two  MH  materials  with  two  different  enthalpies 
operating  at  different  temperatures  and  its  conceptual  behavior  is 
described  below. 

During  the  day  (‘Sun  available’  in  Fig.  1),  the  available  surplus 
solar  power  is  stored  in  the  TES.  The  HTMH  has  a  high  enthalpy 
value  and  works  at  high  temperature,  allowing  it  to  store  large 
amount  of  heat  by  using  solar  heat  to  release  hydrogen  (endother¬ 
mic  process)  and  store  it  in  the  LTMH.  As  LTMH  absorbs  hydrogen 
(exothermic  process)  it  releases  low  temperature  heat,  which  is 
extracted  from  the  TES  system.  During  the  night  or  times  when 
additional  thermal  energy  is  required  to  run  the  power  plant  (‘Sun 
not  available’  in  Fig.  1),  the  process  is  reversed.  Hydrogen  is 
allowed  to  flow  from  the  LTMH  and  be  absorbed  by  the  HTMH 
exothermally  providing  the  needed  heat  at  high  temperature  to 
the  steam  generator.  The  higher  energy  density  that  can  be 
provided  by  the  use  of  metal  hydride  systems  has  been  shown 
to  have  a  mass  energy  density  on  the  order  of  15-20  times  higher 
than  molten  salts-based  TES  systems  [8].  This  can  substantially 


lower  the  size  and  the  capital  cost  of  many  CSP  TES  systems.  Using 
only  small  pressure  changes,  hydrogen  can  be  transferred  from 
one  metal  hydride  system  to  another  to  exchange  large  quantities 
of  heat  at  high  temperature  with  the  external  heat  transfer  fluid. 
Hydrogen  moves  between  the  two  beds  by  the  pressure  gradients 
generated  after  heating  or  cooling  the  system  through  suitable 
thermal  management  of  the  TES  units  and  choosing  suitable 
material  pairs.  This  simple  exchange  results  in  a  self-sustaining 
system,  without  the  use  of  additional  hydrogen  compression 
system  that  would  increase  the  electric  power  consumption. 

One  of  the  main  applications  of  MH  materials  is  to  store 
reversibly  hydrogen  to  be  used  as  fuel  to  produce  mechanical 
power  (e.g.  in  internal  combustion  engines)  or  electric  power  (e.g. 
in  fuel  cells)  after  reacting  with  oxygen  (or  air).  However  several 
other  applications  exist  where  the  MH  heat  of  reaction  can  be  used 
directly,  without  exploiting  the  hydrogen  chemical  content  (heat¬ 
ing  value)  through  its  oxidation  with  oxygen.  Heat  is  available 
from  the  exothermic  reaction  of  hydrogen  with  a  MH  and  the 
temperature  can  be  varied  with  the  operating  pressure  of  the 
system.  The  applications  where  the  MH  heat  of  absorption  can 
suitably  be  utilized  range  from  refrigeration  applications,  to  solar 
thermal  energy  storage  [10-12  .  The  use  of  MH  materials  for  high 
temperature  solar  thermal  energy  storage  is  of  great  interest  due 
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to  their  unique  material  properties.  Lithium  (Li)  based  MH  was  one 
of  the  first  hydrides  examined  for  this  purpose.  Caldwell  et  al.  [13] 
proposed  at  the  end  of  1960s  the  integration  of  LiH-based  solar 
TES  system  with  solar  parabolic  concentrator  systems.  The  pro¬ 
posed  system  was  designed  to  provide  continuous  heat  to  a 
satellite  power  conversion  system  deployed  in  near-earth  orbit. 
Experimental  tests  (with  a  MH  bed  of  about  0.45  kg  of  LiH)  were 
conducted  for  190  hours  highlighting  a  good  performance  of  the 
TES  system.  A  maximum  temperature  of  760  °C  was  achieved 
during  the  tests.  The  authors  concluded  that  the  LiH  based  TES 
system  would  be  very  attractive  for  space  applications  or  to 
balance  the  solar  source  availability  when  only  solar  energy  is 
available.  Hanold  and  Johnston  [14]  proposed  the  use  of  Li  material 
based  heat  storage  systems  for  power  plants  and,  more  particu¬ 
larly,  as  a  heat  storage  arrangement  for  a  Stirling  cycle  engine.  A 
conical  concentrator  was  designed  and  connected  to  the  MH  based 
TES,  integrated  with  the  Stirling  engine,  reaching  temperatures 
around  700  °C.  Different  materials  were  tested.  Lithium  com¬ 
pounds  such  as  lithium  hydride,  lithium  hydroxide  and  lithium 
fluoride  (with  particular  attention  to  lithium  hydride)  seemed  to 
be  the  best  materials,  due  to  their  high  temperatures  (  >  700  °C) 
and  their  high  energy  density,  with  a  heat  of  fusion  around 
3500  kj/kg  [14]. 

More  recently  the  attention  has  shifted  to  Mg-based  solar  TES 
systems,  due  to  the  lower  cost  of  the  Mg  materials  compared  to  Li 
hydride.  After  carrying  out  an  overview  of  the  methods  for  solar  heat 
storage,  Bogdanovic  et  al.  [15]  conclude  that  among  the  reversible 
metal-hydride-metal  systems,  the  MgH2  system  is  particularly 
attractive.  This  is  due  to  its  high  hydrogen  content  and  the  high 
energy  content  of  the  Mg-H  bond.  Experimental  results  of  heat 
storage  were  obtained  by  coupling  a  storage  system  based  on  MgH2 
with  a  low- temperature  metal  hydride  storage  system  (i.e.  MmNi5" 
material)  [15],  highlighting  a  good  performance  of  the  system.  Two 
other  aspects,  namely  the  catalytic  hydrogenation  and  the  doping  of 
magnesium  powders,  were  emphasized  by  Bogdanovic  et  al.  15]  as 
important  aspects  of  the  system.  Several  studies  were  carried  out  to 
compare  the  performance  of  Ni-doped  MgH2  system  against  the 
performance  of  un-doped  MgH2  material  for  high  temperature  solar 
energy  storage.  After  an  analysis  of  different  possible  doping  techni¬ 
ques,  Bogdanovic  et  al.  [16]  conclude  that  the  mechanical  mixing  of 
Mg  powder  with  Ni  powder  in  the  dry  state  ‘turned  out  to  be  by  far 
the  simplest  and  least  expensive  doping  method’.  Bogdanovic  et  al. 
[17]  showed  that  Ni-doped  Mg-MgH2  materials  had  excellent  cyclic 
stability  and  high  hydrogenation  rates  suitable  for  applications  such 
as  solar  generation  of  heat  and  cold,  heat  pumps  and  hydrogen 
storage.  They  showed  [17]  that  the  material  can  be  used  as  an 
economic  option  for  the  purpose  of  reversible  thermochemical  high 
temperature  heat  storage  in  the  temperature  range  of  450-500  °C. 
The  material  reached  heat  storage  capacities  of  0.6-0.7  kWh/kg-Mg 
(2160-2520  kJ/kg-Mg)  [17]. 

Felderhoff  and  Bogdanovic  18]  described  two  possible  applica¬ 
tions  of  the  MgH2  based  TES  system  for  high  temperature  CSP 
plants.  The  first  system  describes  the  direct  integration  of  the 
MgH2  bed  with  a  steam  generator  for  use  in  a  Rankine  cycle.  The 
volume  of  the  experimental  device  is  about  19  L  with  14.5  kg  of  Ni 
doped  Mg.  The  max  operating  temperature  is  450  °C  with  a  max 
pressure  of  50  bar  and  a  max  thermal  power  of  4  kW  exchanged  to 
produce  steam  [19  .  The  MgH2  bed  is  paired  both  with  low 
temperature  hydrogen  pressure  tank  and  with  a  LTMH  material 
based  on  Ti-Fe-Cr-Mn  [19]. 

The  second  application  described  in  Ref.  18]  investigates  the 
adoption  of  Mg  based  TES  systems  in  Stirling  engine-based 
thermochemical  power  plants.  This  is  an  evolution  of  the  previous 
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concept,  with  the  HTMH  system  providing  the  needed  heat  when 
sunlight  is  unavailable.  A  preliminary  small  solar  power  station 
system  was  built  at  the  Max  Plank  Institute  during  the  1990s 
[18,20].  The  main  components  are  a  solar  radiation  concentrator,  a 
cavity  radiation  receiver,  a  heat  pipe  system  for  heat  transfer,  a 
Stirling  engine,  a  MgH2  TES  coupled  with  a  hydrogen  pressure  tank 
or  an  LTMH  tank  based  on  Ti-Fe-Cr-V-Mn  material  [20  .  To 
transfer  the  heat  two  potassium  heat  pipes  were  used  [20  .  The 
first  laboratory  systems  contained  about  20  kg  of  Mg  powder  with 
a  storage  capacity  of  about  12  kWhth  and  reaching  operating 
temperatures  in  the  range  300-480  °C  [20]. 

Other  possible  Mg-based  materials  have  recently  been  investi¬ 
gated  as  possible  elements  of  HTMH  solar  TES  systems.  These 
materials  include:  Mg-Fe  hydride,  Mg-Ni  hydride,  Mg-Co  based 
hydride  [21  and  Na-Mg  hydride  [22].  The  Mg-Ni/Mg2NiH4  material 
demonstrated  a  good  cyclic  stability  with  weight  capacity  of  about  3% 
and  reaching  energy  densities  of  916  kj /kg  at  temperatures  of 
230-330  °C  [21  .  The  Mg-Fe/Mg2FeH6  material  showed  good  cyclic 
stability  at  temperatures  of  480-550  °C,  corresponding  to  a  pressure 
range  of  about  60-100  bar  and  achieving  weight  capacity  values  on 
the  order  of  5.4%  [21  .  Mg-Co-H  material  has  a  theoretical  weight 
capacity  on  the  order  of  4-4.5%,  depending  on  the  hydrides  formed 
in  the  Mg-Co-H  system  [21].  However  two  plateau  regions  were 
found  by  Reiser  et  al.  [21]:  the  first  plateau  has  a  hydrogen  content 
up  to  2.5%,  while  the  second  plateau  provides  an  additional  2.5%  to 
about  3.7%  hydrogen  capacity.  The  material  operating  temperatures 
are  on  the  order  of  450-550  °C  with  pressure  on  the  same  order  of 
MgFe  based  hydride  [21  .  A  comparison  among  Mg-Fe,  Mg-Ni  and 
Mg-Co  materials  resulted  in  identifying  the  Mg-Fe  compound  as  the 
most  promising  material  for  high  temperature  TES  applications,  due 
to  its  operating  conditions,  low  material  cost  and  high  material 
weight  capacity  [21,23  .  A  more  detailed  investigation  of  the  poten¬ 
tial  of  Mg-Fe  material  as  a  high  temperature  TES  material  was  given 
by  Bogdanovic  et  al.  [23].  The  performance  of  the  material  is  shown 
in  Ref.  [23]  reported  an  excellent  cycling  stability  at  around  500  °C. 
The  authors  [23]  also  compared  the  performance  of  different  Mg-Fe 
materials  that  were  prepared  starting  from  different  initial  Fe/MgH2 
ratios.  Recently  increasing  attention  has  been  paid  to  the  adoption  of 
NaMgH3  material  as  a  possible  low  cost  high  temperature  TES 
system.  Sheppard  et  al.  22]  performed  experimental  tests  to  assess 
the  performance  of  the  perovskite-type  hydride,  NaMgH3  under  high 
temperature  CSP  plant  conditions.  The  authors  suggest  the  use  of 
NaMgH3  hydride  at  temperatures  around  580-600  °C  with  a  one  step 
reaction,  corresponding  to  pressures  (on  the  order  of  tens  of  bar) 
lower  than  the  other  Mg-based  materials  [22  . 

Recently,  some  renewed  interest  has  also  been  paid  to  Ca-based 
hydride  to  store  high  temperature  solar  thermal  energy.  Due  to  its 
very  high  heat  of  formation  (at  950  °C  the  heat  released  during 
hydrogen  absorption  is  4494  kj/kg  [8  ),  there  was  early  interest  in 
using  calcium  hydride  for  thermochemical  energy  storage.  Some 
authors  [8]  referred  to  one  proposal  to  construct  a  CSP  power 
plant  at  the  end  of  1970s  with  a  700  kWe  output  using  a  sodium 
loop  to  transfer  the  heat  from  the  solar  concentrator  to  the  reactor. 
A  CSP  plant  using  calcium  hydride  as  the  storage  material  with  a 
continuous  output  of  100  kWe  system  coupled  to  a  Stirling  engine 
has  recently  been  investigated  in  Australia  [24]. 

Possible  candidate  LTMH  materials,  to  be  paired  with  the 
corresponding  HTMH  material,  are  usually  selected  among  the 
AB5  and  AB  type  materials.  The  AB5  materials,  based  on  MishMetal 
or  Rare  Earth  materials  (e.g.  MmNi5  or  LaNi5  materials),  are 
materials  that  offer  very  good  stability  and  cycling  performance 
at  low  temperature  (around  25  °C)  with  weight  capacities  on  the 
order  of  1-1.5%.  The  adoption  of  these  materials  as  LTMH  TES 
materials  has  been  demonstrated  in  several  solar  applications 
[18,25].  Another  possible  AB5  hydride  is  based  on  CaNi5  material. 
Yonezu  et  al.  25]  proposed  dual  LTMH  beds  with  CaNi5  coupled  to 
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MmNi5  through  a  heat  pipe  based  heat  exchanger.  More  recently 
Chumphongphan  et  al.  [26]  demonstrated  better  stability  of  Al 
doped  CaNi5  compared  to  the  undoped  material  at  85  °C  and 
20  bar.  The  intermetallic  AB  type  materials  (usually  TiFe  based 
LTMH  materials),  are  usually  less  expensive  than  AB5  materials. 
Libowitz  [27,28]  reported  on  one  of  the  first  applications  of  AB 
materials  for  solar  TES  systems.  This  report  shows  the  use  of  TiFe 
material  for  low  temperature  solar  systems,  analyzing  the  beha¬ 
vior  under  different  operating  conditions  and  for  different  config¬ 
urations.  The  AB  class  of  materials  has  excellent  cycling  properties 
with  operating  temperatures  on  the  order  of  ambient  temperature 
and  weight  capacities  around  1-2%  [27  .  The  TiFeH2  hydride  has 
recently  been  proposed  as  one  of  the  best  candidates  LTMH  at  low 
pressures  to  be  paired  with  the  CaH2  HTMH  material  by  Buckley 
et  al.  [8  .  A  new  class  of  low  cost  complex  hydrides,  sodium 
alanates  (NaAlH4),  has  been  the  focus  of  extensive  research  as 
hydrogen  storage  materials  since  Bogdanovic  and  Swickardi  [29] 
demonstrated  the  reversibility  of  the  reaction  by  catalyzing  the 
reaction.  This  material  has  not  been  used  as  LTMH  TES  material 
yet.  However  sodium  alanate  has  several  properties  that  make  the 
compound  very  attractive  for  this  application.  These  properties 
will  be  discussed  in  the  next  sections  of  the  document. 


3.  The  MH-based  TES  system  screening  model 

The  DOE  released  specific  technical  targets  for  the  CSP  TES 
systems  [6],  reported  here: 

•  TES  operating  temperatures  higher  than  600  °C  to  assure  high 

efficiencies  of  the  power  plant, 

•  TES  exergetic  efficiency  higher  than  95%, 

•  TES  specific  cost  lower  than  15  $/kWhth,  and 

•  TES  volumetric  energy  density  higher  than  25  kWhth/m3. 

Based  on  the  previous  research  work  and  the  DOE  require¬ 
ments,  a  guiding  screening  analysis  is  needed  in  order  to  build  a 
TES  system  that  meets  the  targets. 

A  screening  tool  has  been  developed  to  screen  and  compare  the 
most  promising  MH  materials-based  TES  systems,  having  the 
potential  to  meet  the  DOE  targets  listed  above.  The  selected  MH 
systems  have  been  examined  and  screened  comparing  their 
behavior  against  all  the  targets,  including  the  specific  cost,  the 
exergetic  efficiency,  the  operating  temperature  and  the  volumetric 
energy  density.  The  tool  can  also  be  utilized  to  define  the  proper¬ 
ties  of  the  ideal  MH  material-based  TES  that  can  meet  all  the 
targets.  This  is  useful  for:  (1)  comparing  the  performance  of  the 
currently  existing  materials  with  that  of  the  ideal  materials;  and 
(2)  guiding  future  experimental  research,  in  the  event  that  none  of 
the  currently  available  MH  materials  can  meet  all  of  the  DOE 
targets.  The  analysis  has  been  carried  out  based  on  a  techno- 
economic  model  of  the  TES  system,  described  in  the  next  sections. 

3.2.  The  techno-economic  model 

One  of  the  main  objectives  of  the  techno-economic  analysis  for 
the  TES  system  is  the  evaluation  of  the  system  installed  cost, 
compared  to  the  economic  target.  The  specific  installed  cost  of  the 
TES  system  (Cs)  has  been  assessed  accounting  for:  (1)  the  cost  of 
the  MH  materials  (CM),  (2)  the  cost  of  the  heat  transfer  system 
(Che),  (3)  the  cost  of  the  pressure  vessel  walls  ( CPV ).  Thus: 

Cs  =  (CM  +  ^HE  +  Cpv)/Eth  (1) 

The  methodology  to  evaluate  the  thermal  energy  stored  ( Eth )  is 
reported  in  the  Annex  at  Eq.  (al). 


The  installed  cost  of  the  MH  material  (CM)  is  given  by 

Cm  =  Ckm  +  Cam  (2) 

The  first  term  {CRM)  is  the  cost  based  on  the  raw  cost  of  the 
material.  This  cost  is  given  by  the  specific  cost  ($/kg)  of  the  raw 
material  of  the  metal  hydride  multiplied  by  the  mass  of  metal 
hydride  needed  to  store  the  hydrogen.  The  methodology  to 
evaluate  the  HTMH  and  LTMH  masses  and  volumes  is  reported 
in  the  Annex  at  Eqs.  (a3)-(a6).  The  second  term  ( CAM )  accounts  for 
all  the  additional  manufacturing,  work  and  handling  needed  to 
locate  the  MH  inside  the  tank.  Based  on  previous  experience  with 
small  scale  stationary  applications,  CAM  has  been  assumed  equal  to 
20%  of  the  raw  cost  of  the  material  (CRM)  [30]. 

The  shell  and  tube  heat  exchanger  concept  has  been  assumed 
as  the  baseline  heat  transfer  system  to  evaluate  the  cost  of  the  heat 
transfer  system  (CHe).  This  baseline  system  is  assumed  because  it  is 
a  well-known  and  common  baseline  technology  and  it  also  allows 
for  future  possible  variations  and  improvements.  The  heat  transfer 
fluid,  which  exchanges  the  thermal  power  with  the  MH,  flows 
inside  the  tubes  with  the  MH  material  packed  around  the  tubes. 

A  simplified  steady  state  1-D  radial  model  is  presented  here, 
that  has  been  adopted  to  evaluate  the  heat  transfer  area.  The 
model  is  based  on  cylindrical  coordinate  geometry.  The  MH  bed 
has  been  modeled  as  a  series  of  structures  comprising  cylindrical 
tubes,  with  the  fluid  flowing  inside  them  (Fig.  2  shows  the  single 
cylindrical  structure).  The  heat  exchange  process  for  each  cylind¬ 
rical  structure  has  been  modeled  comprising:  (1)  the  conductive 
thermal  resistance  (l/Dcond),  due  to  the  heat  transfer  process 
inside  the  MH  material;  and  (2)  the  convective  thermal  resistance 
( 1  /Lfconv),  due  to  the  heat  transfer  process  occurring  inside  the 
tubes,  as  illustrated  in  Fig.  2.  The  conductive  thermal  resistance 
can  be  expressed  as  follows,  as  function  of  MH  material  thermal 
conductivity  (/<),  heat  transfer  fluid  tube  diameter  (Dt)  and  the 
single  MH  material  structure  diameter  (D2)  (see  Fig.  2).  Fixed 
temperatures  at  the  heat  transfer  fluid  tube  diameter  (Dt)  and  at 
the  MH  material  structure  diameter  (D2)  have  been  assumed  as 
boundary  conditions  of  the  problem 

1  _Da  ln(D2/D!) 

Ucond  2k  {  > 


I 
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Fig.  2.  Schematic  of  the  tube  and  metal  hydride  (MH)  material  structure  for  a 
cylindrical  geometry  thermal  model,  with  the  MH  material  packed  around  the  tube 
carrying  the  heat  transfer  fluid.  The  structure  is  repeated  n-times  inside  the 
storage  tank. 
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As  a  preliminary  assumption  a  constant  value  has  been  considered 
for  the  convective  thermal  resistance  ( Uconv )  based  on  typical 
coefficient  values  for  such  applications  . 

The  overall  heat  flux  Wth,  can  be  expressed  as  a  function  of 
convective  heat  transfer  coefficient  (Ucond),  convective  heat 
transfer  coefficient  (Ifconv)  number  of  tubes  (nT),  heat  transfer 
fluid  tube  diameter  (Dt),  length  of  the  heat  exchanger  (L)  and 
mean  temperature  difference  between  the  fluid  and  the  MH  (AT): 

Wtk  =  (d/Ucond)  +  (l /Uconv))  ni7lD 1  L(AT)  <4) 

The  volume  occupied  by  the  metal  hydride,  determined  by  the  CSP 
plant  properties  and  the  material  properties  and  easily  evaluated 
by  Eqs.  (a4)  and  (a6)  in  the  Annex,  gives  an  additional  constraint. 

The  data  and  the  assumed  degrees  of  freedom  of  the  problem 
are:  Dt,  k,  Uconv ,  AT  and  L,  with  their  values  provided  in  the 
following  sections.  The  unknown  quantities  are  D2  and  nT.  The 
unknown  values  can  be  evaluated  from  Eqs.  (3)  and  (4)  with  the 
constraint  given  by  the  volume  occupied  by  the  MH  material  (Eqs. 
(a4)  and  (a6)  in  the  Annex). 

The  heat  transfer  area  (A)  is  equal  to: 

A  =  nj7rD|L  (5) 

Once  the  heat  transfer  area  has  been  assessed,  the  installed  cost  of 
the  shell  and  tube  heat  exchanger  can  be  estimated  based  on 
traditional  factored  method  approaches  [31  .  Thus  the  component 
cost  (Che)  is  given  by 

Che  =  Cehe  +  Qhe  (6) 

The  component  FOB  cost  (CFhe)  has  been  evaluated  from  the  cost  of 
a  reference  heat  exchanger.  The  reference  heat  exchanger  cost 
depends  on  its  area,  the  value  A,  and  its  conditions  (1  bar  operating 
pressure,  CS  material  and  straight  tube  geometry  heat  exchanger). 
To  evaluate  the  FOB  cost,  the  initial  reference  cost  has  been 
modified  adopting  suitable  cost  factors.  These  cost  factors  account 
for  the  actual  heat  exchanger  working  conditions  (i.e.  operating 
pressure),  materials  and  heat  exchanger  geometry.  Stainless  Steel 
(SS)  has  been  considered  as  the  current  baseline  material  for  the 
specific  MH  system.  However,  other  materials,  capable  of  with¬ 
standing  higher  temperature  can  be  considered  when  needed. 
Straight  tubes  heat  exchanger  geometry  is  considered  for  all  the 
MH  systems.  The  reference  cost  and  the  additional  cost  factors  have 
been  assessed  using  data  based  on  References  [32,33]  and  suitably 
modified  to  match  the  actual  system  condition  and  configuration. 

The  term  CAHE  includes  all  the  installation  costs  of  the  compo¬ 
nent  such  as  piping,  instrumentation,  concrete  and  insulation,  as 
well  as  labor  etc.  The  installation  costs  have  been  assessed  as 
percentage  of  the  FOB  component  cost  (CFhe)  using  proper  factors. 
By  this  approach,  the  component  cost  (Che)  can  be  expressed  as 
shown  in  Eq.  (7) 

Che  =  /CFhe  (7) 

The  installation  factor  (J)  accounts  for  all  the  additional  costs 
needed  to  install  the  component 

For  the  specific  application,  an  installation  factor  (J)  equal  to 
approximately  1.5  has  been  used.  This  value  is  based  on  the 
available  databases  [32]  and  on  the  size  of  the  heat  exchangers 
as  well  as  on  previous  experience  gained  from  small  scale 
stationary  MH  bed  applications  [30]. 

The  outer  shell  of  the  hydride  bed  (e.g.  pressure  vessel)  cost  has 
been  assessed,  adopting  the  same  factored  method  approach.  The 
approach  is  similar  to  that  adopted  to  evaluate  the  cost  of  the  heat 
exchangers.  The  pressure  vessel  FOB  cost  (CPl/)  has  been  evaluated 


as  a  function  of  working  conditions  (pressure),  vessel  material  (SS 
is  the  baseline  material)  and  the  size  of  the  vessel  (diameter  and 
length)  using  the  databases  available  in  Reference  [32  .  An  addi¬ 
tional  25%  of  void  volume  has  been  included  when  estimating  the 
vessel  dimensions  to  allow  the  expansion/contraction  of  the  MH 
material  during  charging  and  discharging  process,  following  best 
practices  [30  . 

System  cost  is  one  of  the  main  factors  to  be  considered  for  any 
future  implementation  of  MH  as  a  TES  system.  Performance, 
material  and  system  properties  and  material  cost  are  the  main 
aspects  affecting  the  system  cost.  The  CSP  performance  deter¬ 
mines  the  amount  of  thermal  energy  to  be  stored  and  conse¬ 
quently  the  amount  of  hydrogen  to  be  stored.  The  MH  material 
thermochemical  and  economic  properties  (namely  the  reaction 
enthalpy,  weight  capacity,  working  conditions,  material  price  etc.) 
determine  the  MH  mass  and  the  material  cost  as  well  as  the  cost  of 
the  pressure  vessel  and  heat  exchanger.  The  heat  transfer  system 
properties,  in  terms  of  heat  transfer  coefficients,  determine  the 
heat  transfer  area  and  in  turn  the  cost  of  the  heat  exchanger. 


3.2.  Exergetic  efficiency  model 


Another  TES  system  target  is  related  to  its  exergetic  efficiency 
performance.  Fig.  3  shows  the  MH  storage  system  interfaced  with 
the  high  temperature  heat  transfer  fluid  heat  exchanger.  Fig.  3a 
shows  the  heat  storage  process  when  excess  thermal  power  is 
available  with  hydrogen  moving  from  the  HTMH  to  the  LTMH.  The 
exergetic  input  is  the  thermal  exergy  related  to  the  high  tempera¬ 
ture  heat  transfer  fluid.  The  chemical  exergy  related  to  the 
endothermic  hydrogen  discharging  reaction  from  the  HTMH 
represents  the  exergy  available  in  the  TES  system.  Fig.  3b  shows 
the  heat  release  process  with  hydrogen  moving  from  the  LTMH  to 
the  HTMH.  In  this  case  the  exergetic  input  is  the  chemical  exergy, 
from  the  hydrogen  charging  reaction  in  the  HTMH.  The  heat 
transfer  fluid  thermal  exergy  represents  the  exergy  available  from 
the  TES  system. 

During  heat  storage,  Ethc  represents  the  total  exergetic  input 
available  from  the  high  temperature  heat  transfer  fluid  and  Echc 
represents  the  total  chemical  exergy  stored  in  the  metal  hydride 
bed.  For  a  stationary  process  the  exergetic  efficiency  (y/c)  is  given 
by: 


Echc 


with  y/c  being  the  exergetic  efficiency  of  the  heat  storage  process. 
The  two  exergy  terms  ( Echc  and  Ethc )  can  be  written  in  terms  of 
Gibbs  energy  variation  between  initial  and  final  state,  as  reported 
below  .  The  thermal  exergy  (Ethc)  is: 


Ethc  =  mcAts(h2c  -hu-  T0(s2c-slc))  (9) 

The  term  mc  represents  the  heat  transfer  fluid  mass  flow  rate  and 
Ats  is  the  storage  time.  The  Gibbs  function  is  expressed  in  terms  of 
enthalpy  variation  between  point  2c  (h2c)  and  point  lc  (hic)  and 
entropy  variation  between  point  2c  (s2c)  and  point  lc  (slc) 

The  heat  transfer  fluid  mass  flow  rate  (mc)  can  be  evaluated,  by 
the  energy  balance  equation  applied  to  the  heat  transfer  process, 
as  the  ratio  between  the  thermal  power  exchanged  between  the 
metal  hydride  and  the  heat  transfer  fluid  [Wth)  and  the  specific 
enthalpy  variation  between  points  2c  and  lc  (Cplc_2c  represents 
the  average  specific  heat  between  point  lc  and  point  2c): 


mc 


Wth 

Cplc  — 2c0flc  —  ^2c) 


(10) 


3  Traditional  straight  tube  convective  heat  transfer  correlations  (such  as  Dittus 
and  Boelter  correlation)  could  also  be  adopted  to  evaluate  Uconv. 


4  The  kinetics  energy  term  as  well  as  potential  term,  referred  to  the  reference 
exergetic  state,  have  been  assumed  negligible. 
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Fig.  3.  Schematic  of  the  MH-based  TES  system  interfaced  with  the  HT  heat  transfer  fluid:  during  the  heat  storage  (a)  the  heat  transfer  fluid  provides  the  thermal  power  (Ethc  is  its 
thermal  exergy)  to  the  HTMH  which  reacts  ( Echc  is  the  reaction  chemical  exergy)  to  discharge  hydrogen;  during  the  heat  release  (b)  the  heat  transfer  fluid  collects  the  thermal  power 
(. Ethd  is  the  thermal  exergy)  from  the  metal  hydride  which  reacts  ( Echd  is  the  reaction  chemical  exergy)  to  charge  hydrogen. 


The  conditions  at  point  lc  and  point  2c  have  been  evaluated 
assuming  the  values  of  the  mean  temperature  difference  between 
the  heat  transfer  fluid  and  the  metal  hydride  (AT)  and  the 
maximum  temperature  of  the  heat  transfer  fluid  in  the  plant 
(Tic),  which  varies  according  to  the  specific  TES  system. 

The  following  approach  has  been  adopted  to  evaluate  the 
chemical  exergy  available  from  the  thermochemical  reaction  in 
the  hydride.  In  general  the  chemical  exergy  of  a  chemical  com¬ 
pound  (Ec),  referred  to  the  standard  exergetic  conditions,  can  be 
evaluated  as  follows: 


Ec  —  AGf  +  ^  ritEcs 

i 


01) 


AG/ (kj/mol)  is  the  compound  Gibbs  energy  of  formation,  n,  is  the 
stoichiometric  coefficient  for  the  element  i  in  the  compound.  Ecsi 
(kj/mol)  is  the  standard  chemical  exergy  of  the  element  i.  The 
second  term  allows  the  chemical  exergy  of  the  compound  to  be 
evaluated  referring  to  the  exergetic  standard  conditions.  In  general 
the  values  in  the  tables  available  from  [34,35]  can  be  used  to 
evaluate  the  reference  state  of  the  single  elements.  However,  for 
the  MH  specific  case,  the  thermodynamic  properties  relate  to  the 
overall  reaction,  referring  to  enthalpy  and  entropy  variation 
between  final  and  initial  stage.  This  allows  the  Eq.  (11)  to  be 
simplified  and  the  chemical  exergy  term  (Echc)  can  be  evaluated  as 
reported  in  Eq.  (12) 

Echc  =  MH2(AHc-T0ASc )  (12) 


MH2  indicates  the  mass  of  stored  hydrogen  and  AH  and  AS 
represent  the  reaction  enthalpy  and  entropy  during  the  heat 
storage  process. 

The  exergetic  efficiency  for  heat  released  from  the  TES  system 
(y/d)  can  be  written  as 


¥d  = 


Ethd 

Echd 


(13) 


Echd  represents  the  total  exergetic  input  available  from  the 
chemical  reaction  (hydrogen  absorption),  Ethd  represents  the 
thermal  exergy  in  the  heat  transfer  fluid.  Following  the  approach 
previously  described  for  the  heat  charging  phase,  the  two  terms 
reported  in  Eq.  (13)  can  be  written  and  evaluated  as  follows  (Eqs. 
(14)— (15)): 


Ethd  =  mdAts(h2d  -  htd  -  T0(s2d -sw))  (14) 

The  term  mdrepresents  the  heat  transfer  fluid  mass  flow  rate  and 
Ats  is  the  storage  time.  The  Gibbs  function  is  expressed  in  terms  of 
enthalpy  variation  between  point  2d  (h2ci)  and  point  Id  (/lid)  and 


entropy  variation  between  point  2d  (s2ci)  and  point  Id  (sid) 


md  = 


Wth 

Gp\d  —  2dGE 2d  ~  Eid) 


(15) 


Echd  =  mH2(AHd  —  T0ASd)  (16) 

MH2  indicates  the  mass  of  stored  hydrogen  and  AH  and  AS 
represent  the  reaction  enthalpy  and  entropy  during  the  heat 
release  process. 

The  following  assumptions  have  been  made  for  the  present 
analysis: 


1.  The  assumed  heat  transfer  fluid  is  air.  Air  is  suitable  for  a  wide 
range  of  operating  temperatures  that  can  reach  values  up  to 
900-1000  °C.  Previous  studies  in  the  literature  report  the  use  of 
air  or  inert  gases  (e.g.  helium)  as  intermediate  fluid  to  exchange 
the  heat  between  the  solar  tower  and  the  interfaced  equipment 
of  the  plant  [36,37]. 

2.  No  hysteresis  has  been  assumed  for  the  various  metal  hydride 
materials.  This  is  due  to  the  fact  that  many  materials  still  lack 
accurate  thermodynamic  data  on  their  hysteresis  during  char¬ 
ging  and  discharging  of  hydrogen.  With  this  assumption: 
AHc=AHd  and  ASc=ASd.  A  decrease  of  exergetic  efficiency 
of  approximately  1%  is  likely  expected  once  the  hysteresis  effect 
is  included,  but  this  depends  on  the  MH  material  considered. 


The  final  total  exergetic  efficiency  ( y /)  of  the  system,  examining 
the  charging  (y/c)  and  discharging  (y/d)  process,  becomes 


W  =  WcWd 


Echc  Ethd 
Ethc Echd 


(17) 


With  assumption  2,  the  overall  efficiency,  reported  in  Eq.  (17), 
becomes  equal  to  EthdIEthc.  However,  the  two  contributions  of  Eq. 
(17)  need  to  be  considered  to  evaluate  the  separate  influence  of 
charging  and  discharging  processes  and  to  assure  that  y/c  and  yrd 
are  less  than  1.  The  problem  is  completely  defined,  without  any 
degree  of  freedom  once  the  fluid  conditions  at  points  lc  (and  Id) 
and  2c  (and  2d)  have  been  defined  and  the  thermodynamic 
properties  of  the  MH's  are  known. 


3.3.  Methodology  and  assumptions 

Based  on  data  available  in  the  literature  [8,38,39]  and  on  the 
previous  considerations  about  the  available  MH  materials  for  solar 
applications,  potential  MH  candidate  materials  for  both  HTMH  and 
LTMH  systems  have  been  identified.  They  are  reported  in  Table  1 , 
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including  the  properties  needed  for  the  screening  analysis.  These 
materials  represent  the  majority  of  the  currently  available  MH 
materials  for  high  temperature  ( >  500  °C)  solar  applications. 
These  materials  have  the  potential  to  meet  or  closely  approach 
the  techno-economic  targets.  The  intrinsic  property  values,  which 
are  independent  of  the  application,  are  extracted  from  the  refer¬ 
ences  reported  in  the  Table  1.  If  the  intrinsic  property  values  are 
missing,  they  are  obtained  and  assessed  from  profiles  and  tables 
available  from  Reference  [40  . 

The  best  HTMH  material  candidates  are  those  with:  (1)  high 
reaction  enthalpy;  (2)  high  working  temperatures,  which  affect  the 
efficiency  of  the  power  plant;  (3)  high  hydrogen  capacity,  which 
determines  the  mass  of  the  HTMH  (i.e.  the  HTMH  material  cost); 
(4)  low  raw  material  cost,  in  order  to  reduce  the  HTMH  system  cost. 
Other  available  HTMH  materials,  such  as  KAl-based  and  ZrMn-based 
hydrides,  have  not  been  included  as  potential  candidates  due  to  their 
high  raw  material  cost.  The  best  LTMH  materials  are  those  with: 
(1)  low  reaction  enthalpy,  which  determines  the  LTMH  thermal  power 
to  be  exchanged  with  the  heat  transfer  fluid;  (2)  low  working 
temperature,  which  allows  the  heat  to  be  exchanged  with  a  low 
temperature  source;  (3)  high  weight  capacity,  which  determines  the 
mass  of  the  LTMH  (i.e.  the  LTMH  material  cost);  (4)  low  raw  material 
cost,  in  order  to  reduce  the  LTMH  system  cost.  Other  LTMH  materials, 
such  as  LaNi-based,  V-based  and  CaNi-based  materials,  are  available 
for  solar  applications  but  have  not  been  included  as  candidate 
materials  due  to  their  high  material  price  or  instability  with  cycling. 
The  bulk  density  of  the  materials  has  been  assessed  based  on  their 
crystal  density  and  assuming  a  void  fraction  on  the  order  of  0.5,  which 
is  a  typical  value  for  MH  tanks.  The  weight  capacity  values  reported  in 
Table  1  refer  to  the  theoretical  material  capacity.  However,  practical 
values  have  been  adopted  in  the  techno-economic  analysis  based  on 
the  data  reported  in  the  literature  and  based  on  previous  experience 
with  selected  materials  (e.g.  a  practical  capacity  of  7%  has  been 
considered  for  MgH2  material,  based  on  Ref.  [41  ] ). 

The  screening  analysis  of  the  MH-based  TES  systems  has  been 
performed  in  steps.  A  screening  of  the  HTMH  material  system  (with¬ 
out  including  the  paired  LTMH  material)  has  been  carried  out 
comparing  the  techno-economic  results  with  the  targets.  Only  the 
HTMH  materials  that  have  the  potential  to  meet  or  approach  such 
targets  have  been  selected  to  be  paired  with  suitable  LTMH  materials. 
The  materials  (HTMH  and  LTMH)  have  been  paired  based  on  their 
properties  (especially  operating  pressure)  in  order  to  avoid  compres¬ 
sion/expansion  requirements  to  be  included  in  the  system.  As  a  result, 
a  large  number  of  candidate  materials  were  narrowed  down  to  only  a 
few  HTMH-LTMH  paired  TES  systems  as  possible  final  candidates.  The 
selected  TES  systems  have  been  examined  and  the  techno-economic 
analysis  has  been  carried  out,  with  the  data  and  degrees  of  freedoms 
values  reported  in  Table  2. 


The  CSP  plant  characteristic  values  shown  in  Table  2  have  been 
assumed  based  on  the  DOE  targets  for  solar  plants.  Regarding  the  heat 
exchanger  and  pressure  vessel  assumptions,  a  typical  (but  conserva¬ 
tive)  value  of  MH  materials  improved  thermal  conductivity  has  been 
assumed  [45,40  .  The  values  of  the  diameter  of  the  heat  transfer  fluid 
tube  as  well  as  the  average  temperature  difference  value  between  the 
fluid  and  the  MH  material  have  been  assumed  based  on  typical  values 
for  industrial  applications.  The  value  of  the  convective  heat  transfer 
coefficient  (for  both  the  HTMH  and  LTMH  systems)  has  been  assumed 
based  on  the  typology  of  the  solar  plant,  assuming  the  TES  coupled  to 
a  high  temperature  solar  receiver  and  a  steam  power  plant.  The  Uconv 
for  the  HTMH  system  is  on  the  same  order  of  the  values  reported  in 
the  literature  for  high  temperature  heat  transfer  fluids,  such  as  helium 
[37].  The  Uconv  for  the  LTMH  system  has  been  assumed  equal  to 
2000  W/m2I<  based  on  the  fact  the  heat  transfer  fluid  is  condensing 
steam  or  water,  which  typically  has  heat  transfer  coefficients  on  the 
order  of  1000-10000  W/m2I<  or  higher  (for  condensing  fluid). 

4.  MH  system  screening 

This  section  presents  the  results  of  the  analyses  carried  out 
adopting  the  model  described  in  Section  3. 

4.2.  The  HTMH  screening  results 

Results  of  the  techno-economic  analysis  for  the  HTMH  materi¬ 
als  are  reported  in  Figs.  4-7. 

Fig.  4  shows  the  results  obtained  for  the  volumetric  energy 
density  of  the  selected  HTMH  materials.  The  results  show  that  all 
of  the  materials  can  meet  and  exceed  the  target  (25  kWhth/m3), 
with  the  lowest  value  (for  NaMgH3  material)  still  being  about  20 
times  higher  than  the  target. 

Fig.  5  reports  the  economic  analysis  results,  showing  the  specific 
installed  cost  of  the  HTMH  system,  with  the  contribution  of  the 
material  specific  installed  cost  (CMS)  and  the  heat  transfer  system  and 
pressure  vessel  specific  installed  cost  (CHepvs)-  Four  HTMH  materials 
can  meet  the  target  of  15  $/l<Whth.  The  results  show  that  the  heat 
transfer  system  and  pressure  vessel  cost  significantly  influences  the 


Table  2 

Baseline  screening  analysis  data  and  assumptions. 


CSP  plant 

Heat  exchanger  and  pressure  vessel 

Wei  =  100  MW 

D,  =0.015  m 

PCF=63% 

k= 7  W/mK 

yj  pp= 45% 

Uconv=2000  W/m2I< 

Ats=13  h 

AT=25  °C 

Table  1 

Properties  of  preliminary  HTMH  and  LTMH  selected  materials  for  CSP  applications. 


Working  T/P  (  C/bar) 

AH  (kJ/molH2) 

AS  (kJ/molH2  K) 

Theoretical  wf  (wt %  H2) 

Bulk  density  (kg/m3) 

Raw  material  cost  ($/kg) 

References 

HTMH 

MgH2 

300-500/10-200 

75 

0.136 

7.6 

870 

2.9 

[41,42] 

Mg2FeH6 

350-550/10-200 

77 

0.137 

5.5 

1300 

1.9 

[21,42] 

NaMgH3 

400-600/10-80 

88 

0.132 

4.0 

1000 

4.2 

[22,42,43] 

LiH 

950-1150/0.1-1.5 

190 

0.135 

12.6 

500 

70.0 

[44,42] 

TiHi72 

650-950/0.5-10 

142 

0.130 

3.5 

1600 

12.0 

[44,42] 

CaH2 

900-1100/0.1-1.5 

171 

0.126 

5.0 

890 

6.0 

[44,42] 

NaH 

400-600/0.5-70 

130 

0.165 

4.2 

750 

4.0 

[44,43] 

LTMH 

TiFeH2 

0-120/2-70 

28 

0.106 

1.9 

2500 

7.0 

[8,38] 

TiCri  8H3  5 

0-70/85-600 

20 

0.110 

2.4 

2300 

7.0 

[8,38] 

TiMni.5H2.5 

0-120/3-140 

28 

0.111 

1.9 

2200 

6.0 

[8,38] 

NaAlH4  (SAH) 

80-120/10-60 

40 

0.132 

5.6 

750 

3.2 

[8,38,45,46] 
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Fig.  4.  HTMH  system  Volumetric  Energy  density  (the  energy  density  DOE  target  is 
25  kWhth/m3). 


HTMH  Cost 


Fig.  5.  HTMH  system  specific  installed  cost,  comprising  the  material  specific 
installed  cost  (CMS)  and  the  heat  transfer  system  and  pressure  vessel  specific 
installed  cost  (CHepvs)- 
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Fig.  6.  HTMH  materials  typical  operating  temperatures. 


overall  cost  of  the  low  price  and  high  pressure  materials  (Mg  and  Na 
family  of  materials).  More  than  60%  of  the  HTMH  cost  is  due  to  the 
heat  transfer  system  and  pressure  vessel  cost  for  MgH2  and  Mg2FeH6 
materials.  For  the  Na-based  materials  the  overall  cost  is  affected  by  the 
cost  of  heat  exchanger  and  pressure  vessel  on  the  order  of  45-50%.  For 
low  pressure  materials,  like  the  less  expensive  Ca-based  system,  the 
results  show  that  the  heat  exchanger  and  pressure  vessel  affecting  the 
overall  cost  by  approximately  45-50%.  Conversely,  for  the  more 
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Fig.  7.  HTMH  system  exergetic  efficiency. 


expensive  low  pressure  materials  (Li  and  Ti  based  MH's),  the  HTMH 
system  cost  is  mainly  affected  by  the  material  cost,  with  percentages 
on  the  order  of  80-85%. 

Figs.  6  and  7  show  the  typical  operating  temperatures  and  the 
corresponding  exergetic  efficiencies  for  the  selected  HTMH  materials. 
Three  material  classes  were  identified.  The  first  material  class  is 
comprised  of  Mg  and  Mg-Fe  based  materials.  This  class  of  materials 
is  characterized  by  the  lowest  operating  temperatures  and  highest 
pressure  operating  conditions.  Their  exergetic  efficiency  (for  tempera¬ 
tures  on  the  order  of  500  °C)  is  on  the  order  of  70-75%.  These  values 
can  be  higher  at  lower  operating  temperatures  but  at  the  expense  of 
decreased  power  plant  efficiency.  The  second  material  class  is  com¬ 
prised  of  Na-based  materials  and  it  is  characterized  by  higher 
operating  temperatures,  on  the  order  of  550-600  °C,  and  pressures 
on  the  order  of  50  bar.  Typical  exergetic  efficiencies  of  these  systems 
are  around  85%.  The  last  class  of  materials  includes  the  very  high 
temperature  materials,  with  operating  temperatures  higher  than 
700  °C  (reaching  possible  values  greater  than  1000  °C)  and  low 
operating  pressures  on  the  order  of  only  a  few  bar.  This  class  includes 
Ti,  Li  and  Ca  materials  and  has  exergetic  efficiencies  on  the  order  of 
95%,  allowing  these  materials  to  reach  the  exergetic  efficiency  targets 
at  very  high  operating  temperatures. 

Based  on  the  results  obtained  and  with  the  goal  of  reaching  a 
reasonable  number  of  promising  candidates,  three  HTMH  systems 
were  selected:  (1)  NaMgH3  (or  NaH  or  Mg2FeH6);  (2)  TiH172; 
(3)  CaH2  The  lowest  temperature  system  is  based  on  NaMgH3  (or 
NaH  or  Mg2FeH6)  material  and  operates  at  temperatures  on  the 
order  of  500-550  °C.  The  MgH2  material  has  been  excluded  due  to 
its  operating  temperatures  being  too  low  to  meet  the  targets,  even 
at  very  high  pressure.  The  second  and  the  third  systems  operate  at 
very  high  temperatures  on  the  order  of  700-900  °C,  and  are 
comprised  of  Ti-based  material  and  Ca-based  HTMH  materials 
respectively.  Li-based  materials  were  excluded  from  further  con¬ 
sideration  based  on  their  high  cost. 

4.2.  The  selected  TES  systems  results 

The  three  selected  HTMH  materials  need  to  be  paired  with 
suitable  LTMH  materials  in  order  to  set  up  the  complete  TES 
system.  While  it  has  been  found  that  the  HTMH  properties  drive 
the  overall  operation  of  the  MH  TES  system,  it  has  also  been  found 
that  often  the  LTMH  material  properties  can  strongly  affect  the 
overall  MH  TES  system  cost.  Using  the  LTMH  requirements 
discussed  in  Section  4.1  and  the  information  on  the  LTMH 
materials  in  Table  1  a  preliminary  cost  analysis,  similar  to  the 
HTMH  cost  analysis  was  performed  to  narrow  down  the  most 
promising  LTMH  candidates.  In  addition  the  correspondent  LTMH, 
which  exchanges  hydrogen  with  the  HTMH,  needs  to  be  ade¬ 
quately  chosen  based  on  the  thermodynamic  and  kinetics 
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properties  so  as  to  avoid  the  addition  of  a  hydrogen  compression 
system.  In  particular,  the  SAH  material  can  be  paired  only  at  a 
pressure  on  the  order  of  30-50  bar  due  to  its  kinetics  properties 
[46].  Consequently  the  most  promising  HTMH  being  capable  of 
being  paired  with  SAH  is  the  NaMgH3/Mg2FeH6  system,  while  the 
low  pressure  HTMH  materials  (Ti  and  Ca  based  materials)  can  be 
paired  best  with  a  Ti-based  LTMH  material.  Thus  the  final  three 
coupled  material  candidate  systems  are 

•  NaMgH3  (or  NaH  or  Mg2FeH6)-SAH 

•  TiHi  72-TiFe 

•  CaH2-TiFe 

The  TES  system  volumetric  energy  density  for  the  paired 
systems  is  shown  in  Fig.  8.  Results  show  that  all  the  selected 
systems  can  meet  and  exceed  the  target  (25  kWhth/m3).  The 
lowest  volumetric  energy  density  system  shows  a  value  about 
8  times  higher  than  that  of  the  target. 

Preliminary  economic  analysis  results  reported  in  Fig.  9,  show 
the  specific  installed  cost  of  the  three  selected  systems.  The 
contribution  of  material  cost  (CMS)  and  the  heat  exchanger  and 
pressure  vessel  cost  (CHEPVS)  for  the  HTMH  and  LTMH  systems 
are  shown. 

The  pairs  with  the  lowest  costs  are  those  with  SAH  as  the  LTMH 
material  or  those  with  CaH2  as  the  HTMH  material.  This  is  due  to 
the  low  material  specific  cost  and  the  advantageous  thermoche¬ 
mical  properties  of  these  materials.  For  the  NaMgH3-SAH  pair,  the 
overall  HTMH  cost  represents  approximately  47%  of  the  system 
cost,  which  includes  the  material  cost,  the  heat  transfer  system 
and  the  pressure  vessel.  The  comparable  LTMH  cost  is 
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Fig.  8.  TES  systems  volumetric  energy  density. 

TES  System  Cost 
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Fig.  9.  TES  system  specific  installed  cost.  The  material  due  specific  installed  cost 
(Cms)  and  the  heat  transfer  system  and  pressure  vessel  specific  installed  cost 
(Chepvs)  are  shown  for  both  HTMH  and  LTMH  system. 


approximately  53%  of  the  overall  cost  with  43%  of  this  LTMH  cost 
due  to  the  heat  transfer  and  pressure  vessel  system  and  the 
remainder  due  to  the  material  cost.  According  with  the  results 
reported  in  Fig.  5,  the  influence  of  the  heat  exchanger  and  pressure 
vessel  cost  is  mainly  due  to  the  high  operating  pressure  and  to  the 
intrinsic  characteristics  of  the  two  MH's. 

The  low  pressure  material  pairs,  which  use  Ti-based  LTMH 
materials,  show  a  significant  influence  of  the  LTMH  material  cost 
on  the  overall  system  cost.  Regarding  the  TiHi.72-TiFe  couple,  the 
influence  of  the  HTMH  and  LTMH  system  costs  on  the  overall 
system  cost  is  approximately  the  same  (50%),  because  of  the 
comparable  weight  capacity  of  the  two  materials  and  of  the  similar 
specific  material  costs.  The  largest  cost  fractions  for  this  system  are 
due  to  the  materials  (both  HT  and  LT)  which  represent  almost  86% 
of  the  total  cost.  The  CaH2-TiFe  pair  is  the  lowest  cost  couple.  Most 
of  the  cost  is  due  to  LTMH  system  (66%  of  the  overall  cost),  since 
TiFe  based  material  is  more  expensive  than  Calcium 

4.3.  Sensitivity  analysis  results 

Based  on  the  results  obtained,  several  sensitivity  analyses  were 
performed  for  the  selected  MH  couples.  The  influence  of  several 
factors  affecting  the  system  cost  is  depicted  in  Figs.  10-12  for  the 
three  selected  TES  systems.  These  factors  are  the  concentrated 
solar  power  (CSP)  plant  performance  parameters  (PCF  and  storage 
time,  as  well  as  r]PP)  and  TES  system  techno-economic  parameters 
(material  price,  material  heat  of  reaction,  thermal  conductivity  and 
heat  exchanger  and  pressure  vessel  cost).  The  sensitivity  analysis 
has  been  conducted  by  varying  each  parameter  between  the 
minimum  and  maximum  values,  indicated  in  the  cost  range 
included  in  the  figures.  The  maximum  and  minimum  values  of 
the  parameters  have  been  assumed  considering  reasonable  possi¬ 
ble  range  variations.  The  material  cost  variation  has  been  assumed 
based  on  possible  price  oscillations,  different  material  purity 
levels,  and  on  the  properties  of  the  material  itself.  Likewise, 
depending  on  the  specific  material,  the  variation  of  reaction 
enthalpy  and  weight  capacity  values  has  been  assumed  consider¬ 
ing  possible  future  material  modifications.  The  thermal  conduc¬ 
tivity  of  the  material  has  been  varied  within  a  suitable  range, 
accounting  for  possible  inclusion  of  different  heat  transfer  enhan¬ 
cing  systems  as  well  as  accounting  for  possible  variation  due  to  the 
contact  resistance  between  metal  hydride  and  tubes.  The  PP 
efficiency  has  been  varied  based  on  the  operating  temperatures 
of  the  TES  system,  as  well  as  the  PCF.  PCF  has  also  been  varied 
within  reasonable  ranges,  corresponding  to  variation  of  the 
storage  time. 

Fig.  10  shows  the  results  obtained  for  the  NaMgH3-SAH  pair. 
The  baseline  case  parameters  for  the  pair  are:  HTMH  material 
price =4.15  $/kg,  LTMH  material  price  =  3  $/kg,  HTMH  AH=88  kj / 
mol,  LTMH  AH=40kJ/mol,  HTMH  w/=4.0%,  LTMH  w/=3.7%, 
k=7  W/mK,  PP  efficiency =45%,  PCF =63%. 

The  material  cost  and  the  HTMH  material  heat  of  reactions  have 
the  most  influence  on  the  overall  system  cost.  A  variation  of  HTMH 
and  LTMH  material  cost  of  50%  results  in  a  TES  system  cost  variation 
of  15%  (HTMH)  and  12%  (LTMH),  respectively.  The  heat  of  reaction 
variation  has  an  influence  on  the  specific  cost  of  the  HTMH  and 
LTMH  materials,  as  well  as  on  the  heat  transfer  systems.  The 
influence  of  the  HTMH  heat  of  reaction  is  higher  than  that  of  the 
LTMH,  since  it  determines  the  amount  of  hydrogen  to  be  stored.  In 
addition,  results  show  that  the  heat  transfer  and  pressure  vessel 
system  cost  variation  has  a  strong  impact  on  the  overall  specific  cost. 
A  variation  of  40%  of  the  cost  of  the  pressure  vessel  (either  HTMH  or 
LTMH)  results  in  a  variation  of  approximately  10%  of  the  system  cost. 

Fig.  11  shows  the  results  obtained  the  TiHi. 72-TiFe  pair.  The 
baseline  case  parameters  for  the  pair  are:  HTMH  material  price  = 
11.5  $/kg,  LTMH  material  price  =  7$/kg,  HTMH  AH=  142  kj/mol, 
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NaMgH3-SAH  tornado  chart 
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CaH2-TiFe  tornado  chart 
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Fig.  10.  NaMgH3-SAH  pair  tornado  sensitivity  chart  with  variation  of  the  CSP  and 
material  characteristic  parameters  (the  minimum  and  maximum  values  of  the  para¬ 
meters  are  indicated).  The  baseline  case  parameters  are:  HTMH  material  price =4.15 
$/kg,  LTMH  material  price =3  $/kg,  HTMH  AH=88  kJ/mol,  LTMH  AH=40  kJ/mol,  HTMH 
w/=4.0%,  LTMH  wf=3.7%,  k=7  W/mK,  PP  efficiency =45%,  PCF=63%. 


Fig.  12.  CaH2-TiFeH2  pair  tornado  sensitivity  chart  with  variation  of  the  CSP  and 
material  characteristic  parameters  (the  minimum  and  maximum  values  of  the 
parameters  are  indicated).  The  baseline  case  parameers  are:  HTMH  material 
price  =  6  $/kg,  LTMH  material  price  =  7  $/kg,  HTMH  AH=  188  kJ/mol,  LTMH 
AH=28  kJ/mol,  HTMH  w/=  5.0%,  LTMH  w/=1.9%,  k=7  W/mK,  ,lPP  =45%,  PCF=63%. 
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Fig.  11.  TiH172-TiFeH2  pair  tornado  sensitivity  chart  with  variation  of  the  CSP  and 
material  characteristic  parameters  (the  minimum  and  maximum  values  of  the 
parameters  are  indicated).  The  baseline  case  parameters  are:  HTMH  material 
price  =  11.5  $/kg,  LTMH  material  price  =  7$/kg,  HTMH  AH=  142  kJ/mol,  LTMH 
AH=28  kJ/mol,  HTMH  wf=  3.5%,  LTMH  wf=1.9%,  k=7W/mK,  ^PP=45%,  PCF=63%. 

LTMH  AH=28  kJ/mol,  HTMH  w/=  3.5%,  LTMH  w/=  1.9%,  k= 7W/ 
ml(,  r/PP=45%,  PCF =63%.  The  HTMH  material  cost  and  the  HTMH 
material  heat  of  reaction  have  the  highest  impact  on  the  overall 
system  cost.  An  increase  of  HTMH  and  LTMH  material  price  of  50% 
results  in  a  TES  system  cost  variation  of  20%  (HTMH)  and  22.5% 
(LTMH),  respectively.  The  heat  of  reaction  variation  has  an  influ¬ 
ence  on  the  material  cost  (both  HTMH  and  LTMH  systems),  as  well 
as  on  the  heat  transfer  system  cost.  The  influence  of  the  HTMH 
heat  of  reaction  is  again  predominant  compared  to  that  of  the 
LTMH,  since  it  determines  the  amount  of  hydrogen  to  be  stored.  A 
decrease  of  the  HTMH  heat  of  reaction  of  15%  results  in  an  increase 
in  the  overall  cost  of  more  than  16%.  A  variation  of  the  weight 
capacity  of  the  HTMH  material  also  influences  the  overall  cost.  A 
decrease  of  20%  of  the  HTMH  weight  capacity  value  results  in  an 
increase  of  about  11%  of  the  cost.  On  the  other  hand,  the  influence 
of  the  heat  transfer  system  cost  on  the  overall  cost  is  less  impor¬ 
tant  than  the  NaMgH3-based  system.  A  variation  of  the  pressure 
vessel  cost  determines  a  lower  variation  of  the  system  cost. 

Fig.  12  shows  the  results  obtained  for  the  CaH2-TiFe  pair.  The 
baseline  case  parameters  for  the  pair  are:  HTMH  material  price  =  6 


$/kg,  LTMH  material  price  =  7$/kg,  HTMH  AH=  188  kJ/mol,  LTMH 
AH=28  kJ/mol,  HTMH  w/=  5.0%,  LTMH  wf=1.9%,  /<=7W/mK, 
rjpp  =45%,  PCF =63%.  Similar  to  the  results  shown  in  Fig.  9  the 
main  influence  on  the  overall  system  cost  is  due  to  the  LTMH 
material  cost.  This  cost  is  determined  by  the  LTMH  price,  the  HTMH 
heat  of  reaction  and  the  LTMH  hydrogen  capacity,  which  represent 
the  main  properties  affecting  the  overall  system  cost.  For  this 
material  pair,  a  variation  of  the  LTMH  material  price  of  50%  results 
in  a  system  cost  variation  of  about  30%.  This  price  variation  is 
realistic,  noting  that  the  price  of  iron-titanium  has  continuously 
been  decreasing  for  2-3  years  [42  reaching  (end  of  2013)  a  price 
about  13%  lower  than  the  baseline  price  adopted  in  the  current 
work.  A  decrease  of  the  HTMH  heat  of  reaction  of  15%  results  in  an 
increase  of  the  overall  cost  of  approximately  11.5%.  A  variation  of  the 
weight  capacity  of  the  LTMH  material  also  influences  the  overall 
cost  with  a  cost  decrease  of  more  than  11%  correspondent  to  an 
increase  of  the  weight  capacity  of  20%.  On  the  other  hand,  the 
HTMH  material  properties  have  less  effect  on  the  overall  system 
cost,  due  to  the  lower  cost  of  the  HTMH  material. 


5.  Metal  hydride  TES  status  and  future  outlook 

Based  on  information  from  the  review  of  previous  work  and  the 
results  obtained  from  the  screening  analysis,  some  of  today's 
MH-based  TES  systems  show  the  potential  to  meet  many  of  the 
DOE  targets,  even  exceeding  some  of  them.  The  MH  TES  system 
shows  specific  installed  costs  on  the  same  order  of  those  for 
molten  salt,  which  represents  the  baseline  TES  system  technology, 
in  the  range  of  25-40  $/l<Whth  47].  MH  technology  can  also 
achieve  high  operating  temperatures,  high  exergetic  efficiency  and 
high  volumetric  capacity,  meeting  and  often  exceeding  the  corre¬ 
spondent  DOE  targets,  as  demonstrated  by  the  current  analysis. 
However  the  ultimate  TES  system  needs  to  meet  all  the  DOE 
targets  in  order  to  be  part  of  a  CSP  plant  system  which  can  achieve 
the  ultimate  economic  target  represented  by  the  electricity  pro¬ 
duction  cost  equal  to  0.06  $/l<Wh  .  Presently  some  of  the  systems 


5  One  of  the  other  aspects  is  related  to  the  cycling  capacity  of  the  materials. 
This  aspect  will  be  analyzed  part  of  another  publication  with  data  for  the  different 
selected  materials  included  and  discussed.  An  additional  cost  related  to  hydride 
substitution  and  refurbishment  should  be  included  in  the  overall  CSP  plant 
economic  and  financial  analysis  to  evaluate  the  final  electricity  cost. 
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included  in  the  current  screening  analysis  show  a  cost  on  the  order 
of  the  target  of  15  $/kWhth.  However,  the  present  analysis  was 
carried  out  considering:  (1)  a  shell  and  tube  non-optimized  heat 
exchanger  approach  and  (2)  only  currently  available  non-modified 
MH  materials.  Detailed  properties  of  many  of  the  HTMH  materials 
available  today,  especially  those  operating  at  very  high  tempera¬ 
tures,  are  not  often  available  in  the  literature.  This  is  due  to  the  fact 
that  the  majority  of  the  MH  material  studies  carried  out  previously 
were  aimed  at  automotive  applications,  which  have  completely 
different  targets  that  are  often  the  opposite  to  those  needed  for 
high  temperature  stationary  thermal  applications  (e.g.  low  oper¬ 
ating  temperature,  low  reaction  enthalpy).  The  presented  review 
and  the  analysis  herein  are  intended  to  be  used  as  a  guide  for  the 
needed  additional  research  and  development  on  high  temperature 
materials  for  thermal  driven  stationary  applications  (CSP  plants). 
The  three  selected  MH  based  storage  systems  provide  a  starting 
point  for  future  material  and  system  development. 

Results  obtained  for  the  low  temperature  and  high  pressure 
system  show  that  the  cost  of  the  system  is  strongly  influenced  by 
both  the  material  properties  and  the  heat  transfer  system  properties 
(both  HTMH  and  LTMH  systems).  Future  system  development  needs 
to  be  directed  toward  both  material  modification  and  heat  transfer 
system  improvement.  For  instance  several  material  modifications  to 
the  Mg-based  materials  are  being  considered,  adding  additional 
elements  that  can  result  in  higher  reaction  enthalpies,  higher 
operating  temperatures  and  lower  raw  material  costs.  Optimized 
finned  tube  heat  transfer  systems  are  also  being  considered  for  the 
current  TES  system,  with  the  objective  of  reducing  the  heat  transfer 
area  and,  ultimately,  the  component  installed  cost. 

For  the  Ti/Ti-Fe  system,  the  material  cost  (both  HTMH  and  LTMH) 
represents  the  most  influential  factor  on  the  system  cost.  This  suggests 
that  material  modifications  should  be  a  high  priority  in  the  future 
development  for  this  type  of  TES  system.  Several  HTMH  material 
modifications  are  being  evaluated  such  as  altering  the  hydride 
composition  to  increase  the  operating  pressure  as  well  as  lowering 
the  material  cost.  In  particular  an  increase  of  the  operating  pressure  is 
extremely  beneficial  from  an  economic  point  of  view  because  the 
hydride  could  also  be  coupled  with  a  less  expensive  LTMH  (e.g.  SAH). 

Results  obtained  for  the  Ca/Ti-Fe  system  show  that  this  system  has 
the  potential  to  achieve  the  economic  target  considering  possible 
Ti-Fe  material  modifications  that  can  reduce  the  cost  of  the  material 
and  the  amount  of  hydrogen  to  be  stored.  In  addition,  possible  Ca 
material  modifications  are  also  being  studied,  with  the  aim  of 
increasing  the  operating  pressure,  which  could  result  in  a  lower 
installed  cost. 


6.  Summary  and  conclusions 

A  review  of  previous  investigations  was  made  on  the  use  of  metal 
hydrides  for  CSP  TES  applications.  While  some  of  the  earlier  investi¬ 
gators  focused  on  very  high  temperature  metal  hydrides  like  Li-  and 
Ca-based  systems  for  space  and  other  specialty  applications,  many  of 
the  more  recent  investigators  looked  at  lower  temperature  and  lower 
cost  systems  involving  Mg-based  materials  for  uses  with  commercial 
power  systems.  Later  investigators  also  realized  that  the  cost  of  the 
system  would  often  depend  on  the  cost  and  selection  of  the  right 
LTMH  material  pair.  This  led  to  the  search  for  various  methods  to 
lower  the  cost  of  rare-earth-type  AB5  and  other  high  performing  but 
high  cost  materials.  Despite  all  of  the  previous  studies  no  “ideal”  MH 
TES  system  has  been  identified.  Previous  to  the  presented  analysis  no 
systematic  study  has  been  carried  out  that  examines  the  latest  metal 
hydride  materials  and  evaluates  their  potential  performance  against 
today's  performance  and  cost  targets.  Therefore,  a  screening  analysis  of 
potential  candidate  MH-based  TES  systems  for  large  scale  CSP  plants 
was  carried  out  to  select  the  most  promising  (existing)  metal  hydrides. 


To  do  that  a  simplified  techno-economic  system  model  was  developed 
to  evaluate  the  performance  of  the  system  in  terms  of  specific  cost  and 
the  exergetic  efficiency.  The  techno-economic  modeling  framework 
can  be  applied  to  different  metal  hydride-based  systems,  under 
different  operating  conditions,  accounting  for  different  heat  transfer 
solutions.  Three  preliminary  systems  have  been  selected  for  future 
consideration  based  on  their  potential  of  achieving  the  DOE  targets 
and  their  actual  material  pairing  compatibility.  The  first  system,  based 
on  an  Mg-family  material  (e.g.  Mg-Fe  or  Na-Mg  based  materials)  or 
NaH  material  coupled  with  SAH  material,  works  well  for  high 
pressures  and  low  temperatures  (approximately  500-550  °C)  applica¬ 
tions.  The  second  system  couples  Ti-based  HTMH  material  with  Ti-Fe 
based  LTMH  material.  It  works  well  at  low  pressures  and  high 
temperatures  on  the  order  of  700  °C.  The  third  system  couples 
Ca-based  HTMH  material  and  Ti-Fe  LTMH  material.  The  system  works 
well  at  low  pressure  and  very  high  temperatures  (on  the  order  of 
800-1000  °C)  for  high  efficiency  power  plants,  resulting  in  potentially 
very  low  CSP  system  costs.  Currently  some  of  the  selected  systems  are 
capable  of  approaching  the  DOE  economic  target  for  TES  systems  of 
15  $/l<Whth.  Based  on  the  results  obtained  from  the  screening  analysis, 
several  economic  sensitivity  analyses  for  the  three  selected  systems 
were  carried  out.  The  screening  analysis  was  mainly  aimed  at  high¬ 
lighting  the  influence  of  CSP  plant  operating  conditions  and  MH 
system  properties  (e.g.  material  price,  reaction  enthalpy,  and  hydrogen 
capacity)  on  the  TES  specific  installed  cost.  The  most  influential 
parameters  have  been  highlighted  for  the  three  selected  systems 
and  the  direction  for  future  material  and  system  improvements  have 
been  identified  and  discussed. 
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Annex 

The  overall  thermal  energy  stored  in  the  TES  system  ( Eth )  is: 

Eth  =  (WelAts)/(?7ppPCF)  (al) 

Wei  is  the  average  electric  power  produced  by  the  plant  during  the 
year.  A ts  is  the  storage  time,  r|PP  is  the  power  plant  efficiency  and 
the  PCF  is  the  plant  capacity  factor 

The  cost  of  the  MH  material  (CM)  has  been  evaluated  based  on 
the  MH  material  weight.  The  hydrogen  mass  to  be  stored  (MH2) 
(i.e.  moved  from  the  HTMH  to  the  LTMH  and  vice  versa)  can  be 
evaluated  as  follows: 

Mh2  =  (WeiAts)/(//PPPCFAHHTMH)  (^2) 

AHhtmh  is  the  HTMH  reaction  enthalpy. 

Consequently  the  mass  of  the  HTMH  (MHtmh)  and  LTMH 
(MLTMh)  material  can  be  assessed,  once  the  weight  capacity  of 
the  MH  material  (w^tivih)  is  known.  The  HTMH  mass  and  volume 
(Vhtmh)  are: 

Mhtmh  =  MH2/wfHTMH  (a3) 

Vhtmh  =  Mhtmh  / Pmm\  (a4) 

Phtmh  is  the  HTMH  material  bulk  density 
The  LTMH  material  mass  (MLTMh)  and  volume  (VLTMh)  are 
evaluated  once  the  material  capacity  (wfLTMH)  and  bulk  density 
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are  known  (Pltmh): 

Mltmh  =  Mn2/wfLTMH  (a5) 

Vltmh  =  Mltmh //^ltmh  (a6) 
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